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Background: Old age, obesity, and certain chronic conditions are among the risk factors for severe COVID-19.
More information is needed on whether inherited metabolic disorders (IMD) confer risk of more severe
COVID-19. We aimed to establish COVID-19 severity and associated risk factors in patients with IMD currently
followed at a single metabolic center.
Methods: Among all IMD patients followed at a single metabolic referral center who had at least one clinic visit
since 2018, those with accessible medical records were reviewed for SARS-CoV-2 tests. COVID-19 severity was
classified according to the WHO recommendations, and IMD as per the international classification of IMD.
Results: Among the 1841 patients with IMD, 248 (13.5%) had tested positive for COVID-19, 223 of whom gave
consent for inclusion in the study (131 children and 92 adults). Phenylalanine hydroxylase (48.4%) and biotini-
dase (12.1%) deficiencies were the most common diagnoses, followed by mucopolysaccharidoses (7.2%). 38.1%
had comorbidities, such as neurologic disabilities (22%) or obesity (9.4%). The majority of COVID-19 episodes
were asymptomatic (16.1%) or mild (77.6%), but 6 patients (2.7%) each had moderate and severe COVID-19,
and two (0.9%) had critical COVID-19, both of whom died. 3 patients had an acute metabolic decompensation
during the infection. Two children developed multisystem inflammatory syndrome (MIS-C). Long COVID symp-
toms were present in 25.2%. Presence of comorbidities was significantly associated with more severe COVID-19
in adultswith IMD (p<0.01), but not in children (p=0.45). Compared to other categories of IMD, complexmol-
ecule degradation disorders were significantly associated with more severe COVID-19 in children (p < 0.01);
such a significant IMD category distinction was not found in adults.
Discussion: This is the largest study on COVID-19 in IMD patients relying on real-word data and objective defini-
tions, and not on merely expert opinions or physician surveys. COVID-19 severity and long COVID incidence in
IMD are probably similar to the general population, and the risk of acute metabolic decompensation is not likely
to be greater than that in other acute infections. Disease category (complex molecule degradation) in children,
and comorbidities in adultsmay be associatedwith COVID-19 severity in IMD. Additionally, thefirst documented
accounts of COVID-19 in 27 different IMD are recorded. The high occurrence of MIS-C may be coincidental, but
warrants further study.

© 2023 Elsevier Inc. All rights reserved.
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1. Introduction

It has been more than 3 years since coronavirus disease 2019
(COVID-19), caused by SARS-CoV-2, was declared a pandemic by the
hraman),
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World Health Organization (WHO). Although preventive and therapeu-
tic advances have curbed the devastating toll, the pandemic is still ongo-
ing, constantly evolving with long-term effects and novel viral variants
of concern, indicating that further understanding of COVID-19 will be
relevant for many years to come.

Risk stratification is crucial for pandemic response, and it became
clear early in the course of the pandemic that individualswith advanced
age, male gender, and certain common chronic conditions including
obesity, diabetes mellitus, hypertension, immune suppression and
heart, lung or kidney disease have a higher risk of severe SARS-CoV-2 in-
fection [1]. However, risk determination for rare disorders is difficult.
For example, the international classification of inherited metabolic
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disorders (ICIMD) includes 1450 mostly rare or extremely rare disor-
ders in 24 categories [2]. Individuals with inherited metabolic disorders
(IMD) can be considered a vulnerable group because of their
multisystem involvement and some may have risk of metabolic
decompensation triggered by infections. Reports of COVID-19 in
individuals with IMD began to emerge in June 2020 [3]. With more
cases subsequently reported, the possibility of an increased risk
due to the underlying metabolic defect and or to associated comor-
bidities arose. Additionally, as the pandemic and the knowledge
around it evolved, other issues emerged, including long-term
complications of COVID-19, and secondary problems related to dis-
ruption of health services, such as inability to access drugs or hospi-
tals, which was shown to be associated with disease progression as
shown by our group and others [4,5]. Availability of vaccines marked
a shift in the dynamics of the pandemic and eventually paved the
way for transitioning to a “new normal”. In Turkey, where the pres-
ent study was performed, COVID-19 vaccines have been available for
individuals over −65 years old and high-risk population, all adults
(> 18 years), and children aged 12–18 years since February 2021,
June 2021, and September 2021, respectively.

According to a physician survey conducted by the European Ref-
erence Network for Hereditary Metabolic Disorders (MetabERN),
adult patients were reported to have a higher rate of hospitalization
and a more severe course compared to general population and pedi-
atric patients [6]. Similarly, Hasnat et al. demonstrated that children
Fig. 1. Flowchart of patient selection. IM
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had milder clinical symptoms than adults [7]. Mütze et al. reported
that hospitalization rates did not differ by diagnosis or age group,
and no complications specific to IMD or related to COVID-19 have
been observed [8]. More information is needed on whether inherited
metabolic disorders (IMD) confer risk of more severe COVID-19. In
this study, we aimed to answer this question and describe the fea-
tures of COVID-19 in IMD by analyzing the COVID-19 histories and
long-term complications of a large cohort of patients at a single cen-
ter.

2. Material and methods

2.1. Study design and participants

This study was approved by Hacettepe University Ethics Committee
for Non-Interventional Clinical Studies (GO 22/176, 2022/08–23).
Informed consentwas obtained fromall patients or their parents/guard-
ians. The study population consisted of pediatric and adult patients
followed at the Pediatric Metabolism Unit of Hacettepe University
İhsan Dogramacı Children's Hospital with a definitive diagnosis of
IMD. Among all IMD patients with at least one in-person or remote
visit between 1 January 2018 and 30 June 2021, those with accessible
electronic health record data were reviewed retrospectively for SARS-
CoV-2 PCR or antibody tests. The flowchart of participant inclusion is
shown in Fig. 1.
D: inherited metabolic disorders.
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2.2. Data collection

The patients were contacted via phone calls and asked to participate
in a survey including demographic data, medical history (comorbidities,
medications etc.), and features of COVID-19 infection (timing, vaccina-
tion status, symptoms, treatment etc.). Hospital records were also re-
viewed retrospectively.

2.3. Definitions and classifications

Patients with records of SARS-CoV-2 antibody positivity before
vaccination or PCR positivity at any time were defined to have had
COVID-19. COVID-19 severity was classified according to the WHO
recommendations as asymptomatic, mild, moderate, severe, or critical
illness. In summary, the presence of symptoms without evidence of
viral pneumonia or hypoxia defines mild COVID-19, non-severe pneu-
monia defines moderate COVID-19, severe pneumonia (eg. hypoxia,
respiratory distress) defines severe COVID-19 and acute respiratory
distress syndrome defines critical COVID-19 [9]. Determination of
odds ratios for susceptibility to more severe COVID-19 was based on
the development of pneumonia (asymptomatic-mild vs. moderate-
severe-critical COVID-19). Death due to COVID-19 was defined based
onWHO recommendations, as death resulting from a compatible illness
in a patient with COVID-19 (only confirmed cases were included)with-
out a period of complete recovery from COVID-19 between illness and
death, unless there is a clear alternative cause of death unrelated to
COVID-19 [10]. Long COVID was defined according to Centers for Dis-
ease Control and Prevention (CDC) recommendations as symptoms
(sensory, neurologic, cardiorespiratory, and mental) that persist at
least fourweeks after infection. CDC recommendationswere used to de-
fine multisystem inflammatory syndrome in children (MIS-C), a severe
condition characterized by hyperinflammation and hypercoagulability
[11]. IMD were classified according to the ICIMD [2]. If a patient experi-
enced two or more episodes of COVID-19, it was counted as 1 patient
and the characteristics of the more severe infection was recorded.

2.4. Statistical analyses

The data were analyzed by SPSS v25.0 (SPSS Inc., Chicago, USA).
Normality of the variables was investigated by visual (histograms, prob-
ability plots) and analytical methods (Kolmogorov-Smirnov and
Shapiro-Wilk tests). Descriptive statistics were presented as mean ±
standard deviation,median, range (minimum-maximum), interquartile
range (IQR), and frequencies. The chi-square test or Fisher's exact test
(based on whether chi-square test assumptions hold) was used to
compare proportions in different groups. p < 0.05 was considered to
show a statistically significant result.

3. Results

There were 1841 patients with confirmed IMD treated at our center
during the study period, whose electronic health records could be
accessed remotely, 248 (13.5%) of whom had tested positive for SARS-
CoV-2. 223 of these patients gave consent for inclusion in the study
(131 children and 92 adults) (Fig. 1).

3.1. General patient characteristics

The demographic characteristics and comorbidities of the whole
study population, and also separately as children and adults are
shown in Table 1. Phenylalanine hydroxylase (PAH, n = 108, 48.4%)
and biotinidase (n= 27, 12.1%) deficiencies were the most common
diagnoses, followed by mucopolysaccharidoses (n=16, 7.2%). Diag-
noses and ICIMD classification of all COVID-19 positive patients are
shown in Table 2. 98 (90.7%) of PAH and 24 (88.9%) of biotinidase de-
ficiency patients were diagnosed via newborn screening. Newborn
3

screening is not available in Turkey for the other IMD mentioned in
this study.

3.2. Features of COVID-19 in IMD

83.9% (n = 187) of patients had symptoms during COVID-19 and
25.1% (n = 56) had long COVID symptoms (Fig. 2). 12 patients (5%)
contracted COVID-19 twice. The majority of the cases were either
asymptomatic (16.1%, n = 36) or had a mild illness (77.6%, n = 173),
but 6 patients (2.7%) had moderate, 6 had severe, and two (0.9%) had
critical COVID-19 (Fig. 3), both of whom died. More detailed informa-
tion regarding the 14 patients with moderate or more severe COVID-
19 are presented in Table 3. 13.0% of children and 8.7% of adults with
IMD were hospitalized during COVID-19. The patients with comorbid
conditions had 6.5 times higher odds of being hospitalized than those
without (p < 0.001). The significantly higher risk of hospitalization in
patients with comorbidities persisted when patients were analyzed
separately as children and adults: The odds of hospitalization were 4.4
times higher in the pediatric (p < 0.01), and 20.5 times higher in adult
(p < 0.01) patients with comorbidities. Three patients (one each of 3-
hydroxy-3-methylglutaryl-coenzyme A [HMG-CoA] lyase deficiency,
long-chain 3-hydroxyacyl-CoA dehydrogenase [LCHAD] deficiency,
and methylmalonic academia [MMA]) had an acute metabolic decom-
pensation during the infection. All of these three patientswere hospital-
ized because of the metabolic decompensation, and were treated
successfully during the course of COVID-19. Standard treatment proto-
cols for metabolic decompensation were administered. Two children
(1.5% of children) developed MIS-C and recovered with treatment
(one with LCHAD and the other with biotinidase deficiency) with intra-
venous immunoglobulin, anakinra, favipiravir, anticoagulants anti-
inflammatory agents and antibiotics.

Mean duration of interruption of school or work was 13 ± 5 days.
The presence of symptoms, clinical spectrum of COVID-19, long COVID
symptoms, hospitalization, and intensive care unit admission status
were not significantly different between children and adults (Table 4).
In order to determinewhich ICIMD categoriesweremore likely to expe-
rience more severe COVID-19, the patients were grouped into two,
according to the absence or presence of pneumonia (asymptomatic-
mild vs. moderate-severe-critical COVID-19). There was a statistically
significant difference between those with disorders of complex mole-
cule degradation and the others (p=0.018). The patientswith complex
molecule degradation disorders had 4.5 times higher odds of COVID-19
pneumonia compared to the other groups. When analyzed separately
for age groups, the significance persisted in the pediatric group, as
there was a statistically significant difference between complex mole-
cule degradation disorders and the others (p < 0.01). The children
with complex molecule disorders had 9.7 times higher odds of clinical
severity. However, in adult patients (n= 92), there was no statistically
significant difference between ICIMD categories in terms of COVID-19
severity (p = 1). There were no significant differences between the
other categories of IMD.Within the whole group, IMD patients with co-
morbidities had 4.4 times higher odds to experience more severe
COVID-19 (pneumonia) than thosewithout (p=0.011). This difference
wasmore evident in adult IMD patients with comorbidities (odds ratio:
20.7, p < 0.01), but was not statistically significant in the pediatric age
group (p = 0.45).

Status of vaccination is shown in Table 1. 46 patients (33.3% of those
eligible) had been vaccinated before they contracted COVID-19. Among
all the vaccinated patients (n = 88), 72.7% (n = 64) had been vacci-
nated with the nucleoside modified messenger RNA vaccine
BNT162b2 (Comirnaty®) by BioNTech, 25.0% (n=22) with inactivated
SARS-CoV-2 vaccine CoronaVac® by Sinovac, and 2.3% (n = 2) with
both. Only 1 out of 14 patients with moderate-severe-critical COVID-
19 had been fully vaccinated at the time of infection (Table 3). Patient
or parental education level was not significantly different between
those who were and were not vaccinated (p = 0.22).



Table 1
Characteristics of the patients and COVID-19 (N = 223, unless indicated otherwise).

Patient characteristics Child Adult All group

58.7% (n = 131) 41.1% (n = 92)

Age (years) Median (IQR) 9 (5–13) 25 (21−30) 14 (7–23)
Min-max 0.5–17 18–72 0.5–72

Sex Male 48.1% (n = 63) 43.5% (n = 40) 51.6% (n = 115)
Female 51.9% (n = 68) 56.5% (n = 52) 48.4% (n = 108)

Educational attainment of the patients None 40.5% (n = 53) 18.5% (n = 17) 31.4% (n = 70)
Primary school 29% (n = 38) 9.9% (n = 9) 21.1% (n = 47)
Secondary school 19.1% (n = 25) 6.5% (n = 6) 13.9% (n = 31)
High school 11.5% (n = 15) 44.6% (n = 41) 25.1% (n = 56)
University or higher – 20.7% (n = 19) 8.5% (n = 19)

Highest educational attainment of the parents (n = 217) (n = 128) (n = 89)
None: 1.6% (n = 2) 2.2% (n = 2) 1.8% (n = 4)
Primary school: 27.3% (n = 35) 55.1% (n = 49) 38.7% (n = 84)
Secondary school: 12.5% (n = 16) 11.2% (n = 10) 12.0% (n = 26)
High school: 30.5% (n = 39) 19.1% (n = 17) 25.8% (n = 56)
University or higher: 28.1% (n = 36) 12.4% (n = 11) 21.7% (n = 47)

Specific metabolic treatment Metabolic diet only 35.1% (n = 46) 68.5% (n = 63) 48.9% (n = 109)
Medication only 30.5% (n = 40) 8.7% (n = 8) 21.5% (n = 48)
Metabolic diet and medication 12.2% (n = 16) 14.1% (n = 13) 13.0% (n = 29)
None 22.1% (n = 29) 8.7% (n = 8) 16.6% (n = 37)

Comorbidities No 66.4% (n = 87) 55.4% (n = 51) 61.9% (n = 138)
Yes 33.6% (n = 44) 44.6% (n = 41) 38.1% (n = 85)
Neurologic impairment 19.1% (n = 25) 26.1% (n = 24) 22.0% (n = 49)
Obesity 5.3% (n = 7) 15.2% (n = 14) 9.4% (n = 21)
Cardiovascularδ 7.6% (n = 10) 3.3% (n = 3) 5.8% (n = 13)
Endocrine system 3.1% (n = 4) 2.2% (n = 2) 2.7% (n = 6)
Respiratory systemρ 3.8% (n = 5) 1.1% (n = 1) 2.7% (n = 6)
Renal and urinary systemγ 2.3% (n = 3) 2.2% (n = 2) 2.2% (n = 5)
Rheumatologicω 0.8% (n = 1) 3.3% (n = 3) 1.8% (n = 4)
Hypertension 1.5% (n = 2) 2.2% (n = 2) 1.8% (n = 4)
Lymphoma 0.8% (n = 1) – 0.4% (n = 1)
Immunosuppressive treatment (Post- HSCT) 0.8% (n = 1) – 0.4% (n = 1)

History related to COVID-19
Source of SARS-CoV-2 infection Home 51.9% (n = 68) 40.2% (n = 37) 47.1% (n = 105)

School/work 12.2% (n = 16) 5.4% (n = 5) 9.4% (n = 21)
Nosocomial 3.1% (n = 4) 6.5% (n = 6) 4.5% (n = 10)
Unknown 32.8% (n = 43) 47.8% (n = 44) 39.0% (n = 87)

Timing of SARS-CoV-2 infection During delta variant wave 29.8% (n = 39) 28.3% (n = 26) 29.1% (n = 65)
During omicron variant wave 31.3% (n = 41) 22.8% (n = 21) 27.8% (n = 62)
Other 38.9% (n = 51) 48.9% (n = 45) 43.0% (n = 96)

Type of SARS-CoV-2 test PCR: 96.2% (n = 126) 100% (n = 92) 97.8% (n = 218)
Antibody: 3.8% (n = 5) – 2.2% (n = 5)

Hospitalization Yes 13% (n = 17) 8.7% (n = 8) 11.2% (n = 25)
No 87% (n = 114) 91.3% (n = 84) 88.8% (n = 198)

Duration of hospitalization (days) (n = 25) Median: 6 Median: 6 Median: 6
IQR: 5–7 IQR: 1–9 IQR: 5–8
Min-max: 2–30 Min-max: 1–13 Min-max:1–30

Oxygen requirement Yes 3.8% (n = 5) 3.3% (n = 3) 3.5% (n = 8)
No: 96.2% (n = 126) 96.7% (n = 89) 96.5% (n = 215)

Intensive care unit admission Yes 1.5% (n = 2) 1.1% (n = 1) 1.3% (n = 3)
No 98.5% (n = 129) 98.9% (n = 91) 98.7% (n = 220)

Invasive mechanical ventilation Yes 0.8% (n = 1) 1.1% (n = 1) 0.9% (n = 2)
No 99.2% (n = 130) 98.9% (n = 91) 99.1% (n = 221)

COVID-19 related death Yes 0.8% (n = 1) 1.1% (n = 1) 0.9% (n = 2)
No 99.2% (n = 130) 98.9% (n = 91) 99.1% (n = 221)

Medication during COVID-19 infection No 51.1% (n = 67) 33.7% (n = 31) 43.9% (n = 98)
Yes 48.9% (n = 64) 66.3% (n = 61) 56.1% (n = 125)
Antipyretic/analgesic 43.5% (n = 57) 35.9% (n = 33) 40.5% (n = 90)
Favipiravir 4.6% (n = 6) 52.2% (n = 48) 24.3% (n = 54)
Antibiotics 16.0% (n = 21) 7.6% (n = 7) 12.6% (n = 28)
Hydroxychloroquine sulfate none 13% (n = 12) 5.4% (n = 12)
Anticoagulant/antithrombotic 1.5% (n = 2) 4.3% (n = 4) 2.7% (n = 6)
Dexamethasone 2.3% (n = 3) 1.1% (n = 1) 1.8% (n = 4)
Intravenous immune globulin 2.3% (n = 3) – 1.4% (n = 3)
Oseltamivir 1.5% (n = 2) – 0.9% (n = 2)

Feeding difficulties Yes 28.2% (n = 37) 28.3% (n = 26) 28.3% (n = 63)
No 71.8% (n = 94) 71.7% (n = 66) 71.7% (n = 160)

Interruption of metabolic diet (n = 119) (n = 53) (n = 66)
Yes 32% (n = 17) 31.8% (n = 21) 31.9% (n = 38)
No 68% (n = 36) 68.2% (n = 45) 68.1% (n = 81)

Interruption of metabolic medication (n = 100) (n = 71) (n = 29)
Yes 16.9% (n = 12) 13.7% (n = 4) 16.0% (n = 16)
No 83.1% (n = 59) 863% (n = 25) 84.0% (n = 84)
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Table 1 (continued)

Patient characteristics Child Adult All group

58.7% (n = 131) 41.1% (n = 92)

Vaccination status before contracting COVID-19 (≥12 years, n = 138) (n = 45) (n = 93)
Vaccinated 15.6% (n = 7) 41.9% (n = 39) 33.3% (n = 46)
Unvaccinated 84.4% (n = 38) 58.1% (n = 54) 67.7% (n = 92)

Vaccination status, overall (≥ 12 years, n = 138) (n = 45) (n = 93)
Vaccinated 35.6% (n = 16) 77.4% (n = 72) 63.8% (n = 88)
Unvaccinated 64.4% (n = 29) 22.6% (n = 21) 36.2% (n = 50)

COVID-19: coronavirus disease 2019, HSCT: hematopoietic stem cell transplantation, IQR: interquartile range, PCR: polymerase chain reaction, SARS-CoV-2: severe acute respiratory syn-
drome coronavirus 2.

δ Congestive heart failure (n = 11), coronary artery disease (n = 1), mitral valve prolapse (n = 1).
ρ asthma (n = 1), tracheostomy (n = 2), non-invasive mechanical ventilation (n = 3).
ω Familial Mediterranean fever (n = 3), systemic lupus erythematosus (n = 1).
γ renal failure (n = 5).
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4. Discussion

In this paper, we have presented the summary of the features of
COVID-19 in a large cohort of IMD patients from a single center. Our
findings suggest that the risk of metabolic decompensation is not
disproportionately high, and children with disorders of complex mol-
ecule degradation may be under higher risk of more severe COVID-19.
To the best of our knowledge, this is the largest single-center series so
far reported, and the first account of COVID-19 in 27 different IMD
(Table 2), the first reports of detailed COVID-19 symptomatology,
vaccination status and MIS-C in IMD. We demonstrate that the symp-
tomatology of COVID-19 in IMD is similar to the general population
[12], but the occurrence of feeding difficulties may be slightly higher
in children with IMD (28.2% vs. 20%) [13].

One critical finding of our study is the demonstration of increased
risk of more severe COVID-19 in children with disorders of complex
molecule degradation, many of which are lysosomal storage diseases
(LSD) that are often characterized by progressive multisystem involve-
ment [2,14]. In adults with IMD, the severity of COVID-19 was associ-
ated more significantly with comorbidities rather than the category of
IMD. While critical comorbidities (involvement of the lungs, heart
etc.) commonly associated with LSD are known risk factors for severe
COVID-19, our data on children with IMD suggest that there may be
further susceptibility to SARS-CoV-2 at the cellular or molecular level
in patients with inherited disorders of complex molecule degradation.

Infections are well-known triggers of acute metabolic decompensa-
tion in some metabolic disorders, especially intoxication-type and
energy-deficit disorders [15]. In pre-COVID studies of patients with
MMA and propionic acidemia, infections triggered metabolic decom-
pensation in 29% and 44% of the time, respectively [16–18]. We had 37
COVID-19-positive patients at risk of an acute metabolic decompensa-
tion (marked with # in Table 2), but SARS-CoV-2-related decompensa-
tion occurred only in three (8.1%). Zubarioğlu et al. reported four counts
of SARS-CoV-2-related decompensation in 22 IMDpatients (18.1%) [19].
While the vulnerability of some IMD to infections is evident, we argue
that SARS-CoV-2 itself does not pose an extra burdenof an acutedecom-
pensation compared to other infectious agents circulating before the
pandemic [8,20]. It should be recognized that immune-naïve patients
may experience a more severe illness and therefore carry a higher risk
of metabolic decompensation. It is important to underline that preven-
tive measures such as vaccination, hygiene and social distancing should
be recommended as in any other infectious disease (eg. influenza),
which are a part of routine care in the IMD that carry such risks [21].

While the hospitalization and death rates of childrenwith COVID-19
were < 2% and < 0.03% in a general population study [22], they were
13% and 0.8% in our study, respectively. In a large survey study from
Brazil, nine out of 358 patients (2.5%) with IMD were hospitalized,
three in the intensive care unit [23]. 12 of our patientswere hospitalized
5

not due to the severity of COVID-19, but primarily because of their IMD;
two due to acute decompensation, and the 10 remaining patients due to
the perception of higher risk of COVID-19 or for close observation antic-
ipating a decompensation. In-hospital caremay have contributed to the
low attack rate of an acute decompensation in our study, which empha-
sizes the importance of continued health care for rare disease patients
during the pandemic. The concern raised by MetabERN regarding
higher COVID-19 risk and IMD exacerbation in patients with amino
acid and organic acid-related disorders was formulated at a time
when no vaccines were available for a disease we had merely begun
to understand [24]. Now, with the tools and information acquired in
themeantime, we propose that efforts should focus not pre-emptive in-
tensive treatment of IMD patients contracting COVID-19, but rather on
application of well-established “sick-day” regimens, and on vaccinating
individuals with IMD, even young children, to prevent as many acute
decompensations as possible.

There were two COVID-19-related deaths in the study population
(Table 3), but it is hard to claim that the deaths are directly related to
the IMD. It is known that elderly people and infants may have a critical
disease course [25]. The deceased phenylketonuria patient was a 74-
year-old obese man with hypertension and Parkinson's disease. The
other deceased patient was an infant who already had the complica-
tions of tyrosinemia type 1 (acute liver failure, chronic liver disease
and hypophosphatemic rickets) when she was diagnosed at the age of
ninemonths. She had respiratorymuscleweakness, rachitic beads,mas-
sive ascites andhepatomegaly, reducing her vital lung capacity. Both pa-
tients were diagnosed with IMD after exhibiting clinical symptoms. It is
likely that newborn screening and early treatment for tyrosinemia type
1 may have prevented the patient's death due to COVID-19.

All of our eight patients with severe or critical COVID-19 (3 adults
and 5 children) had risk factors (eg. old age, infancy, neurological im-
pairment, obesity, prematurity), some of which were caused by the un-
derlying IMD (eg. neurological impairment in MPS-III and Krabbe
disease). It is well known that pediatric patients in the general popula-
tion have milder COVID-19 than adults [7,26,27], attributed to multiple
factors [28]. Severe or critical disease risk is reported as 3.9% in the gen-
eral Turkish pediatric population with SARS-CoV-2 infection [29], and
we calculated the same risk as 3.8% in our pediatric cohort. Risk of se-
vere disease was similar to adults with IMD, and the hospitalization
rate was higher in children (Table 4), although this may be partly re-
lated to physician preference, as discussed above. TheMetabERN survey
conducted in early 2020 when vaccines were unavailable and children
were largely staying at home reported that adult patients required
more hospitalization and had a more severe course compared to the
general population and pediatric patients [6], but most of our cases co-
incide with delta and omicron waves of the pandemic, when many
adults were vaccinated and children were attending school. While the
inadequate numbers of severe and critical cases and the fluidity of the



Table 2
The diagnosis and ICIMD classifications of COVID-19-positive patients.

IMD Diagnosis ICIMD subcategory ICIMD category Child n
(%)

Adult n
(%)

Overall n
(%)

Phenylalanine hydroxylase deficiency: Disorders of phenylalanine and tyrosine
metabolism

Disorders of amino acid metabolism 108 (48.4)

PKU on dietary treatment(n = 77) n = 26 (50) n = 51 (91.1)
HPA not requiring treatment (n = 21) n = 16 (30.8) n = 5 (8.9)
BH4-responsive PKU (n = 10) n = 10 (19.2)
Biotinidase deficiency Disorders of biotin metabolism Disorders of vitamin and cofactor

metabolism
24 (18.3) 3 (3.3) 27 (12.1)

Mucopolysaccharidosis Disorders of glycosaminoglycan
degradation

Disorders of complex molecule
degradation

10 (7.6) 6 (6.5) 16 (7.2)

Dyslipidemia Disorders of lipoprotein metabolism 5 (3.8) 5 (5.4) 10 (4.5)
Maple syrup urine disease# Branched-chain amino acids Disorders of amino acid metabolism 6 (4.6) 3 (3.3) 9 (4.0)
Methylmalonic acidemia# Organic acidurias Disorders of amino acid metabolism 4 (3.1) 2 (2.2) 6 (2.7)
Homocystinuria⁎ Sulfur-containing amino acids Disorders of amino acid metabolism 2 (1.5) 3 (3.3) 5 (2.2)
Glutaric aciduria type 1# Organic acidurias Disorders of amino acid metabolism 2 (1.5) 2 (2.2) 4 (1.8)
Hereditary fructose intolerance⁎ Disorders of galactose and fructose

metabolism
Disorders of carbohydrate metabolism 2 (1.5) 2 (2.2) 4 (1.8)

Fructose-1,6-diphosphatase deficiency⁎# Disorders of gluconeogenesis Disorders of carbohydrate metabolism 2 (1.5) – 2 (0.9)
Ornithine transcarbamylase deficiency⁎# Disorders of the urea cycle and

hyperammonemias
Disorders of amino acid metabolism – 2

(2.2)
2 (0.9)

Isovaleric acidemia⁎# Organic acidurias Disorders of amino acid metabolism 1 (0.8) 1 (1.1) 2 (0.9)
Lysinuric protein intolerance⁎# Amino acid transport Disorders of amino acid metabolism 1 (0.8) 1 (1.1) 2 (0.9)
HMG-CoA lyase deficiency# Disorders of ketone body metabolism Disorders of fatty acid and ketone

metabolism
2 (1.5) – 2 (0.9)

X-linked adrenoleukodystrophy⁎ Disorders of peroxisomal fatty acid
oxidation

Disorders of lipid metabolism 1 (0.8) – 1 (0.4)

Alkaptonuria⁎ Disorders of phenylalanine and tyrosine
metabolism

Disorders of amino acid metabolism 1 (0.8) – 1 (0.4)

Mitochondrial acetoacetyl-CoA thiolase
deficiency⁎#

Disorders of ketone body metabolism Disorders of fatty acid and ketone
metabolism

1 (0.8) – 1 (0.4)

Chanarin-Dorfman syndrome⁎ Disorders of glycerolipid metabolism Disorders of lipid metabolism 1 (0.8) – 1 (0.4)
Dihydropteridine reductase deficiency⁎ Disorders of tetrahydrobiopterin

metabolism
Disorders of vitamin and cofactor
metabolism

1 (0.8) – 1 (0.4)

Mitochondrial and cytoplasmic
glycyl-tRNA synthetase deficiency⁎

Disorders of mitochondrial
aminoacyl-tRNA synthetases

Disorders of mitochondrial gene
expression

– 1
(1.1)

1 (0.4)

Hepatic glycogen synthase deficiency⁎# Disorders of glycogen metabolism Disorders of carbohydrate metabolism 1 (0.8) – 1 (0.4)
Hyperprolinemia type 2⁎ Disorders of ornithine, proline and

hydroxyproline metabolism
Disorders of amino acid metabolism 1 (0.8) – 1 (0.4)

HUPRA syndrome (SARS2)⁎ Disorders of mitochondrial
aminoacyl-tRNA synthetases

Disorders of mitochondrial gene
expression

1 (0.8) – 1 (0.4)

ITPA deficiency⁎ Disorders of purine metabolism Disorders of nucleobase, nucleotide and
nucleic acid metabolism

1 (0.8) – 1 (0.4)

Krabbe disease⁎ Disorders of sphingolipid degradation Disorders of complex molecule
degradation

1 (0.8) – 1 (0.4)

L-2-hydroxyglytaric aciduria⁎ Disorders of mitochondrial metabolite
repair

Disorders of metabolite
repair/proofreading

– 1
(1.1)

1 (0.4)

LCHAD deficiency# Disorders of mitochondrial fatty acid
oxidation

Disorders of fatty acid and ketone
metabolism

1 (0.8) – 1 (0.4)

LPIN1 deficiency⁎# Disorders of glycerolipid metabolism Disorders of lipid metabolism 1 (0.8) – 1 (0.4)
MEGDEL syndrome⁎# Disorders of mitochondrial membrane

biogenesis and remodeling
Disorders of organelle biogenesis,
dynamics and interactions

1 (0.8) – 1 (0.4)

Pompe disease Other disorders of complex molecule
degradation

Disorders of complex molecule
degradation

1 (0.8) – 1 (0.4)

Propionic acidemia# Organic acidurias Disorders of amino acid metabolism 1 (0.8) – 1 (0.4)
PTPS deficiency⁎ Disorders of tetrahydrobiopterin

metabolism
Disorders of vitamin and cofactor
metabolism

1 (1.1) 1 (0.4)

Hypomyelinating leukodystrophy-10
(PYCR2)⁎

Disorders of ornithine, proline and
hydroxyproline metabolism

Disorders of amino acid metabolism 1 (0.8) – 1 (0.4)

Trimethylaminuria⁎ Disorders of methylamine metabolism Disorders of peptide and amine
metabolism

1 (0.8) – 1 (0.4)

Tyrosinemia type 1⁎ Disorders of phenylalanine and tyrosine
metabolism

Disorders of amino acid metabolism 1 (0.8) – 1 (0.4)

Tyrosinemia type 2⁎ Disorders of phenylalanine and tyrosine
metabolism

Disorders of amino acid metabolism 1 (0.8) – 1 (0.4)

Citrullinemia type-1⁎# Disorders of the urea cycle and
hyperammonemias

Disorders of amino acid metabolism 1 (0.8) – 1 (0.4)

Combined oxidative phosphorylation
deficiency 20 (VARS2)⁎#

Disorders of mitochondrial
aminoacyl-tRNA synthetases

Disorders of mitochondrial gene
expression

1 (0.8) – 1 (0.4)

Total 131 (100) 92 (100) 223 (100)

BH4: Tetrahydrobiopterin, HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A, HPA: hyperphenylalaninemia, HUPRA: Hyperuricemia, pulmonary hypertension, renal failure, and
alkalosis, ICIMD: International Classification of Inherited Metabolic Disorders, IMD: Inherited metabolic disorders, ITPA: Inosine triphosphatase, LCHAD: Long-chain 3-hydroxyacyl-CoA
dehydrogenase, MEGDEL: 3-methylglutaconic aciduria, deafness, encephalopathy, and Leigh-like disease, PKU: phenylketonuria, PTPS: 6-pyruvoyl-tetrahydropterin synthase.
⁎ This paper is the first published record of COVID-19 in these disorders.
# Disorders in which acute symptomatic metabolic decompensations are possible. Hereditary fructose intolerance, biotinidase deficiency and tyrosinemia type 1 were not included

because the risk of decompensation is very low under treatment.
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Fig. 2.Occurrence of symptoms during A) COVID-19 infection, and B) long COVID shown separately in the pediatric and adult groups, and in thewhole patient group. A. Therewere a total
of 223 patients (131 children and 92 adults), 187 of whomwere symptomatic (108 children and 79 adults). B. 56 patients (35 children and 21 adults) experienced long COVID symptoms.
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pandemic conditions make it difficult to draw definitive conclusions,
children with IMD in general do not seem to have increased risk of se-
vere COVID-19 than their healthy counterparts. Studies with larger
numbers of IMD patients are needed for this comparison.

The long-term effects of SARS-CoV-2 infection are being increasingly
recognized and emphasized [30]. Studies from different countries have
reported highly variable incidences of long-COVID, ranging from 1.6% to
77% [30]. In our cohort, 25.2% of patients had long COVID, and this rate
was similar between children and adults. The most common long-
COVID symptom in our patients was fatigue. These findings are in line
with previously published work regarding the general population
[31,32]. While long-COVID is common, MIS-C is rare, with a reported
incidence 1:4000 [33]. MIS-C developed in two out of 131 children
7

included in our study. These may be the first published accounts of
MIS-C in IMD. The high occurrence of MIS-C in our cohort may be coin-
cidental, but warrants further study.

This study has several limitations, firstly related to patient inter-
views and the retrospective design, making it prone to recall bias.
Screening protocols for asymptomatic contacts of a case changed during
the course of the pandemic, possibly missing asymptomatic infections.
The intended study population could not be completely enrolled
because the electronic records of some patients were inaccessible, and
some patients could not be contacted. Still, from a large group of
patients using established, objective definitions and classifications,
describingCOVID-19 and long-COVID symptomatology in IMD, present-
ing first accounts of COVID-19 in many IMD and of MIS-C.



Fig. 3. Severity distribution of COVID-19 according to theWorld Health Organization severity classification in A) pediatric patients, B) adult patients, and C) all the patients with inherited
metabolic disorders in the study population.
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In conclusion, children with IMDmay have a higher rate of hospital-
ization during COVID-19, perhaps partly because of physicians' prefer-
ence of precautionary close follow-up. However, we think that the
IMD patients under risk of decompensations can be assured that there
is no evidence to suggest that the occurrence risk or the severity of de-
compensations is increased in SARS-CoV-2 infection compared to other
8

infections, and adherence to standard emergency protocols and infec-
tion prevention measures, such as vaccination, should be recom-
mended. Facilitated access to health services when needed remains an
important challenge. Children with disorders of complex molecule deg-
radation have a higher risk of more severe COVID-19, possibly due to
multisystem involvement, but increased susceptibility to COVID-19 at



Table 3
Features of patients with moderate, severe or critical COVID-19.

Case
No

Age,
Gender

Diagnosis Comorbidities Fully vaccinated at the
time of
COVID-19

COVID-19
severity

ICU
admission

Hospitalization
(days)

Oxygen
requirement

Status

1 11 y, F MPS-VI Cardiac failure No Moderate No 7 No Alive
2 20 y, M Classical PKU⁎ Obesity No Moderate No 5 No Alive
3 30 y, M Classical PKU Neurologic impairment No Moderate No 6 No Alive
4 2 y, M HMG-CoA lyase

deficiency
None No Moderate No 5 No Alive

5 25 y, M Classical PKU⁎ Obesity No Moderate No 3 No Alive
6 9 y, M BH4-responsive PKU⁎ None No Moderate No 0 No Alive
7 2 y, M Mild HPA⁎ Prematurity and asthma No Severe No 7 Yes Alive
8 25 y, M HFI FMF Yes Severe No 13 Yes Alive
9 18 y, M FH (AD) Obesity No Severe No 10 Yes Alive
10 16 y, F MPS-III Neurologic impairment,

tracheostomy
No Severe No 5 Yes Alive

11 3 y, F Krabbe disease Neurologic impairment,
tracheostomy

No Severe Yes 30 Yes Alive

12 6 mo, M MPS-I (Hurler) None No Severe No 6 Yes Alive
13 12 mo, F Tyrosinemia type I Liver failure, rachitic

pneumopathy
No Critical Yes 11⁎⁎ Yes Exitus

14 72 y, M Classical PKU Obesity, ID, HT, PD No Critical Yes 1 Yes Exitus

COVID-19: coronavirus disease 2019, FH (AD): familial hypercholesterolemia (autosomal dominant), FMF: familialMediterranean fever,HFI: hereditary fructose intolerance, HMG-CoA: 3-
hydroxy-3-methylglutaryl-coenzyme A, HPA: hyperphenylalaninemia, HT: hypertension, ICU: intensive care unit, ID: intellectual disability, MPS: mucopolysaccharidosis, PD: Parkinson's
disease, PKU: phenylketonuria.
⁎ Patients diagnosed via newborn screening.
⁎⁎ She was already hospitalized at the time of contracting COVID-19. 11 days is the duration of hospitalization after the diagnosis of COVID-19.

Table 4
Comparison of COVID-19 features between children and adults with IMD.

Child (n = 131) Adult (n = 92) p

1 Presence of symptoms Yes: 82.4%
(n = 108)
No: 17.6% (n = 23)

Yes: 85.9%
(n = 79)
No: 14.1% (n = 13)

0.49

2 Clinical Spectrum of SARS-CoV-2
Infection

Asymptomatic: 16.8% (n = 22) 15.2% (n = 14) 0.97
Mild illness: 77.1% (n = 101) 78.3% (n = 72)
Moderate illness: 2.3% (n = 3) 3.3% (n = 3)
Severe illness: 3.1% (n = 4) 2.2% (n = 2)
Critical illness: 0.8% (n = 1) 1.1% (n = 1)

3 Long COVID Yes:26.8% (n = 35)
No:73.2% (n = 96)

Yes: 22.8%
(n = 21)
No: 77.2% (n = 71)

0.48

4 Hospitalization Yes:13.0% (n = 17)
No: 87.0% (n = 114)

Yes: 8.7% (n = 8)
No: 91.3% (n = 84)

0.32

5 ICU admission Yes: 1.5% (n = 2)
No: 98.5% (n = 129)

Yes: 1.1% (n = 1)
No: 98.9% (n = 91)

1

COVID-19: coronavirus disease 2019, ICU: intensive care unit, IMD: inherited metabolic disorder, SARS-CoV-2: severe acute respiratory syndrome coronavirus 2.
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the cellular or molecular should be investigated in future studies.
Patients, especially adults with IMD may experience more severe
COVID-19 if they have high-risk comorbidities.

Individuals with IMD and other rare diseases cannot be ignored.
They should be kept in mind while formulating recommendations and
making policy decisions. All patients with IMD older than 6 months
should be eligible for vaccination against SARS-CoV-2 if their condition
is a complex molecule degradation disorder, or is characterized by
acute metabolic decompensations or chronic high-risk organ involve-
ment. Every effort should be made to sustain acute and long-term
health services for these vulnerable individuals during the pandemic.
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